Tensile stress-relaxation measurements have been performed on a series of cross-linked filled elastomers. The fillers are chosen in order to investigate the effect of the filler-filler and the filler-matrix interactions on the time dependence of the tensile relaxation modulus after UP and DOWN jumps. For the carbon black filled sample (strong filler-elastomer interaction) decreases as log(t) when the strain is strictly larger than 0.2 and reached by UP jumps. For the 
For up jump steps, the tensile relaxation modulus decreases as log(t) for carbon black filled samples and as [ ⁄ ] for the silica ones. Thus the rate of change of , | ⁄ |, scales as where . The equivalence of (empirical) and x (effective noise temperature in the SGR model) which would be related to the polymer chain mobility at a given strain , is discussed.
INTRODUCTION
The mechanical behavior of filled elastomers is an active research area since more than 60 years mainly because it is related to an ancient and important application which is the reinforcement of rubber. The large number of recent reviews [1] [2] [3] [4] [5] [6] [7] related to this subject reveals its complexity.
The internal structure of nanocomposites in general and of filled elastomers, in particular, leads to complicated time dependent deformations in response to a mechanical strain. Therefore the relation between stress and strain cannot be simply described by elastic and viscous characteristics because they are intricate function of time and extent of strain [8] . The study of the response of a viscoelastic material to step or oscillatory strains or to a constant stress (creep strain) is one of the most straightforward methods for getting information about the contribution of time and strain separately. Early measurements of tensile stress relaxation in a series of carbon black N330 filled rubber vulcanizates were reported by MacKenzie and Scalan [9] . A linear regression of the experimental data plotted in a semi-logarithmic system of axes indicated a logarithmic decrease of the stress . Fully logarithmic plots allowed also a linear regression of the data suggesting a power law decrease of the strain for t larger than about 60 s. In all cases the exponents were smaller than 0.04. It follows that the logarithmic or the power law fits are nearly equivalent. Logarithmic stress relaxations were also reported in several vulcanized rubbers unfilled or filled with carbon black [10, 11] . Actually, tens of references dealing with stress relaxation in filled or unfilled elastomers can be found in the literature. As a result of the lack of models, representation of the experimental data in semilogarithmic or logarithmic coordinates was essentially aiming to compare qualitatively the mechanical responses of different systems [12] . Cross-linked rubbers exhibit a finite stress in the long-time limit in contrast to uncross-linked rubbers with no equilibrium stress ( ). It follows that, in the latter case, a power law relaxation appears as a straight line when experimental data are plotted in logarithmic coordinates over several decades in time. Such a result was also reported by Mani and coll. [13] for an interpenetrating polymer network of polyacrylate and polystyrene. In contrast, for cross-linked rubbers or any other system exhibiting a long-time non-zero stress, a power law relaxation, if any, would be observed by plotting in logarithmic coordinates. Because is generally unknown, it is easier to examine the quality of a non-linear regression of the data by means of the following equation:
. In fact, this equation is similar to the one proposed, more than 50 years ago, by Chasset and Thirion [14] for fitting the isothermal stress relaxation modulus of natural rubber cross-linked with dicumyl peroxide:
In this equation, is the long time equilibrium modulus,  0 is a characteristic time and m is the power law exponent. The same type of equation applies also to the shear modulus relaxation or to any other stress or strain relaxation occurring in cross-linked systems. The ChassetThirion (CT) equation has been widely used to describe power law stress relaxation in unfilled cross-linked polymers or elastomers [15] [16] [17] [18] [19] [20] [21] . Values of m ranging between 0.1 and 0.3 are generally reported. More recently, Mitra and coll. [22] have shown that the CT equation fitted well the relaxation modulus of cross-linked nanogel filled elastomers. The above examples reveal power law relaxation in un-filled and filled cross-linked systems. As a matter of fact, there are many classes of soft materials, including living cells [23] [24] [25] [26] [27] [28] in which stress relaxation following a step strain are well described by a power law decrease in time ( or ) or an equation similar to the CT one [28] [29] [30] [31] .
There have been several attempts [32] [33] [34] to model the empirical power law equation describing the stress relaxation in cross-linked polymers proposed by Chasset and Thirion. These models were based on the assumption that relaxation is due to dangling chains but the theories differed in the prediction of the relation between the cross-linking density and the exponent m [35] . More generally, a power law relaxation implies a broad distribution of relaxation times which is typical of structural disorder and metastability as it is the case for soft glasses also named "soft glassy materials" (SGM) [36] [37] [38] . In order to rationalize the rheology of this class of materials, Sollich [37] proposed the "soft glassy rheology" (SGR) model. In this model, each individual element is located within an energy landscape containing many wells of different depth from which the elements are unlikely to escape by thermal fluctuations alone. The elements are trapped in cages formed by their neighbors. Under the effect of an activation energy, for example a strain, these elements (corresponding to mesoscopic regions) may hop out of a trap. It is expected that these "activated" yield processes arise primarily by coupling to structural rearrangements elsewhere in the system. In a mean-field spirit, all such interactions between regions are subsumed into an effective "noise temperature" x [36] . x is related to the power law exponent by the relation:
. In the case of viscoelastic systems, x is comprised between 1 and 2. When x tends toward unity, the elements are trapped into deeper and deeper wells and the system approaches a glass transition. 
MATERIALS AND EXPERIMENTAL METHODS

Samples
The elastomer matrix investigated is an Ethylene Propylene Diene Monomer (EPDM) rubber described in details [52] [53] [54] . The filled elastomers were prepared by mixing 40 g of filler with 100 g of rubber (i.e., 40 phr) and 3 g of dicumyl peroxide (the cross-linking agent) in a two-roll mill for 5 minutes at 50°C. Afterwards, the mixtures were cured in molds at 160°C under pressure during 10 minutes. The volume fraction of filler corresponding to 40 phr is close to 0.16 for the carbon black filled sample and to 0.14 for the silica ones. In both cases, the volume fraction is expected to be above the "percolation" threshold which is close to 0.10 for carbon black N330 [55] and possibly smaller for AEROSIL® 200 [56, 57] . However, because the specific surface area of the two silica fillers is larger than that of the carbon black one, the extent of the filler matrix interface is larger for the formers than for the latter. In the following, the shape. The width l of the gauge was equal to 4 mm and its length was equal to 25 mm.
Tensile force measurements
Tensile relaxation measurements performed at given steps of strain (incremental stress-strain curves) were achieved by means of the apparatus designed for simultaneous stress and Heterodyne X-Ray Photon Correlation Spectroscopy (HD-XPCS) study [58] . A complete description can be found in the master thesis of L.J.S. Halloran [59] . Each strain step was reached after a rapid extension (0.034 s 1 ) from the previous step to the next one. A strain gauge and a digitizing unit were used to measure the evolution of the force F every 1 or 2 s at each data (for ) are well fitted by eq 1 as it was reported for unfilled cross-linked rubbers [15] [16] [17] [18] [19] [20] [21] and for nanogels filled elastomers [22] . The parameters deduced from the fits and their standard errors are collected in Table 1 . After the first UP-jump (UP1), the value of the exponent m is significantly larger in the case of the hydroxylated silica than for the hydrophobic one. After the second UP-jump (UP2), the value of m obtained for Si-OH-40-c (0.11) is slightly smaller than the one obtained for Si-OR-40-c (0.12). However, it must be reminded that, as shown in Figure 1 , the mechanical history is not exactly the same: sample Si-OH-40-c was strained up to 0.6 while Si-OR-40-c was strained up to 0.8. The values of the equilibrium tensile modulus deduced from the fits will be discussed in the last part of the paper. The order of magnitude of the characteristic times   (Table 1) is the same as that of the   values reported for some crosslinked elastomers. In the present paper,   will be considered as a time scaling factor but it will not be further discussed.
For the carbon black filled sample (Figure 2c ), the data obtained after the first and the second jump (UP1 and UP2) display a linear relation between and . It follows that, as it has been earlier observed for carbon black filled elastomers [9] , the tensile relaxation modulus displays a logarithmic decrease:
The values of K (figure 2c) are very small. It follows that the introduction of a characteristic time   at which the tensile modulus would be equal to zero is un-physically large. properly fitted by means of a power law equation which is similar to eq 1:
This empirical observation allows us to introduce an alternative equation able to describe both UP and DOWN jumps:
in which: for positive strain steps ("UP", )
for negative strain steps ("DOWN", ). Figure 2 by eq 1; the sign # indicates in eq 4
Figure 2 deserves two more comments. Firstly, the significant difference between the relaxation curves measured after the first step (UP1) and the second one (UP2) reveals the hysteresis in the stress-strain curves expected in the case of filled elastomers (Mullins effect [44, 45] ) as in unfilled cross-linked rubbers [3] . The second comment concerns the asymmetry observed in the UP and DOWN jump curves also observed in cross-linked natural rubber [3] . These features are similar to the ones observed in asymmetry of approach experiments (temperature jumps) in polymer glasses [43] . Wang and Robertson [41] reported the same asymmetry effect for the storage modulus G' for carbon black filled polybutadiene rubbers. These authors also noted that this asymmetric behavior cannot be described by the kinetic models proposed in the literature [60] [61] [62] . In the present case, experimental facts allows us to show that the same power law equation is able to describe the relaxation after UP and DOWN jumps, but the parameters m,   and are different. Interestingly, as shown in Table 1 , the asymptotic values (DOWN) are very close from (UP2) for the two silica filled samples.
Experimental results obtained for  0.6 and 0.8
The experimental results obtained for are plotted in Figure 3 . In all cases, the difference between the UP1 and UP2 curves is less pronouced than it was for ( Figure 2 ) but the trends are the same. The asymmetry of approach is observed for the hydrophobic silica sample
Si-OR-40-c which had been stretched at 0.8. For all silica filled samples, the relaxation is well described by the power law equation (eq 4), but the values of the fitting parameters are different.
Particularly, the value of the exponent m and that of the asymptotic limit becomes smaller (these questions will be discussed in the next part). For the carbon black filled sample CB-40-c, the UP jumps yield a logarithmic decrease of the relaxation modulus while, as in the previous case, the DOWN-jump recovery follows the power-law equation (eq 4). As for the time dependence of the tensile relaxation modulus for (not shown) measured for Si-OR-c, the amplitude of the diminution of within the time window considered becomes quite small and the exponent m is close to 0.05 for both UP1 and UP2 curves. The shape of the curves plotted in Figure 4 for  0.2 (UP1 and UP2) is quite different from the previous ones measured at a larger strain. The DOWN curves are similar to the previous ones.
We have verified that the UP1 curves cannot be fitted by means of the power law equation (eq 4). Stretched exponential equations are sometimes used for describing the stress relaxation in polymer networks [34, [63] [64] [65] , thermoplastic elastomers [66] , natural rubber [67] , or in filled elastomers [68] . In order to take into account the sigmoidal shape of the curves we used the following equation:
In this equation, is the initial value and is the asymptotic limit. is the relaxation time and  is the stretching exponent ( ). Figure 4 shows that this equation provides a good fit for the UP1 data. The initial value differs by less than 2% from the experimental value Figure 4 shows that  is larger than for the UP1 curves and becomes close to 1 (exponential decrease) for CB-40-c. The characteristic times remain comprised between 13 and 26 s for the UP1 and UP2 curves. The long time domain is characterized by an increase of up to a second plateau. It appears that the data can be fitted also with eq 5 but in the present case the exponent  is larger than 1 (compressed exponential). One may notice that the occurrence of a minimum residual stress at a given time has also been found in aqueous dispersion of laponite following jumps from different shear rates [69] .
The fact that the tensile stress relaxation modulus behaves differently at small and at large strains is consistent with observations reported for carbon black filled vulcanized EPDM by GinicMarkovic and coll. [10] . These authors have also shown that such cross-over does not exist in the unfilled matrix which behaves at all strains as the filled matrix at large strains. It follows that, at small strains, the dynamics of the filled elastomer could be governed by the filler particle network involving breaking and recombination of filler particle links. The cross-over between the two regimes could correspond to the strain at which the filler particle network is no longer continuous. A detailed discussion of the physical meaning of these observations goes beyond the scope of the present paper devoted to the power law relaxation and recovery. Further experimental work would be necessary to determine precisely the value of the cross-over strain. Table 1 ). The existence of an asymptotic limit E  is not expected in uncross-linked polymers [13] . In the case of a filled polymer, it can be attributed to the network formed by the silica aggregates spanning throughout a "fluid" medium. It follows that the sample Si-OH-40-u could behave formally as a colloidal gel [70] . This point will be discussed in more details in the last part of the paper. As in the case of the cross-linked sample ( = 0.2), the data obtained for  and the characteristic time  0 (=8 s) are slightly smaller than for the cross-linked sample. For times longer than 700 s, starts to decrease as observed for the cross-linked sample. 
Experimental results obtained for the uncross-linked Si-OH-40-u sample
DISCUSSION
Physical meaning of the exponent m in the power law equation
We have shown in the previous paragraph that all data measured at a given strain  larger than 0.2 and reached by increasing the elongation (UP curves) can be fitted by one of the following equations:
-a power law equation (eq 4):
In both cases, the derivative which corresponds to the rate of change of the tensile modulus writes as:
with for the power law equation (eq 4) and for the logarithmic decrease (eq 2). As a consequence, the exponent and, therefore, the power law exponent (when is strictly larger than 1) may be considered as a fingerprint of the time-dependent properties of the strained filled elastomers investigated here. Similarly, for soft glassy materials (SGM), the power law exponent  characterizing the time-dependent viscoelastic properties is generally labeled as [36] . The aim of the following discussion is to examine if our model-free exponent deduced from experimental fits can be assimilated with , the effective noise temperature (or mechanical noise temperature) introduced in the soft glassy rheology (SGR) model [36] [37] [38] . The value of ranges generally between 1.1 and 1.3 for soft glassy materials.
The limit corresponds to a glass transition in this model [38, 71] . First of all, it must be reminded that, as mentioned in the introduction, values of m (CT equation) ranging between 0.1 and 0.3 (therefore values of ranging between 1.1 and 1.3) have been reported also for unfilled elastomers. Tada et al. [72] have shown that the relaxation dynamics in filled rubbers is governed by that of the rubber matrix. Thus, it is likely that is related to the dynamics of the polymer chains influenced by the filler particles and the strain and not to the filler particles as it would be the case in colloidal glasses below jamming. Under this assumption, the effective noise temperature could be related to the mobility of structural elements (the polymer chains)
relative to the depth of energy wells or cages, in which such elements are trapped. In this case, the glassy behavior ( ) would be due to the "freezing" of the segmental motion similarly to what occurs at the glass transition temperature of the plain elastomer. In this case, the assumption indicates a glassy state of the elastomer in the strained ( 0.4 and 0.6) carbon black filled sample CB-40-c (UP jumps). It is consistent with the mobility restriction of the polymer chains and the concept of glassy bridges induced by strain in filled elastomers [73] [74] [75] in the case of strong filler-matrix interaction. On the opposite, none of the silica filled samples exhibits this behavior. As shown in Figure 6 , the exponents  are always larger than 1 and never reach the limit . The assumption and the observation involve the absence of glassy state in these strained samples in agreement with the observation of the absence of glassy bridges in different series of silica filled elastomers [47] [48] [49] . If  actually corresponds to the effective noise temperature , it is expected that a larger  value involves a larger mobility of the polymer chains or chain segments. This is clearly verified in Figure 6 (UP1 relaxations) as is larger for the uncross-linked matrix than the cross-linked one filled with hydroxylated silica (Si-OH-40-c). For the latter also, is larger than for the sample filled with hydrophobic silica(Si-OR-40-c).Also, the trend for to become smaller when the elongation increases (Fig 6) is consistent with a decrease of the chain mobility when being more extended.
Similarly, the decrease of the power law exponent with the increase of the elongation of uncrosslinked blends of cis-l,4-polyisoprene (Hevea rubber) and synthetic trans-1,4-polyisoprene blends was attributed by Manzur [76] to a reduction in the mobility of the polymer chains. More generally, a relation between chain mobility and filler matrix interaction involved if is consistent with conclusions reached by Luo et al. [77] who combined NMR and mechanical measurements on silica-silane and carbon black filled styrene-butadiene rubber (SBR). It also agrees with the results reported by Martin and coll. [19] for plasticized EPDM compounds crosslinked with resol, indicating a decrease of m from 0.35 to 0.07 (corresponding to a decrease of from 1.35 to 1.07) with the increase of the cross-link density. In the case of unfilled crosslinked elastomers, the value of assumed to be an effective noise temperature would be related to the chain mobility decrease near the cross-links. On the contrary, such a relation is in full disagreement with the Curro model [32] in which the exponent m (therefore, ) increases with the degree of cross-linking. Finally, the strain induced glass state expected if for the carbon black filled sample is consistent with our results obtained by the HD-XPCS measurements performed simultaneously with the mechanical ones [58] : in HD-XPCS experiments one studies the decrease of the velocity of the filler particles in the sample during the stress relaxation. We have shown [58] that the velocity of the carbon black particles is small and decreases as a power law of time and m f close to 2. For the silica filled samples, the particle velocity is much larger and decreases more slowly (m f varies between 1 and 1.2). These results suggest the presence in the latter of viscous domains expected if which do not exist for the carbon black filled sample as expected when .
Furthermore, we expect a more comprehensive description and interpretation of two or multistep viscoelasticity when using SGR based power-laws in the stress response function that is assumed to be separable in time and strain. However, this should be a future task. In such a case we propose starting with the phenomenological Kaye-Bernstein-Kearsley-Zapas (K-BKZ) approach [78] . However, the question whether the SGR model does work in the stress response should then be investigated within the frame of a Doi-Edwards (D-E) model for large-strain viscoelasticity [79] . The D-E model gives insights into the molecular rheology of dense polymers and has been recently successfully applied to morphological and rheological characterization of filled polymer melts and networks in the nonlinear viscoelastic regime [80] [81] [82] . Main aspect should then be aimed at possible damage or structural disorder changes seen in differences in upjump and down-jump perturbations of the system [83] . In filled rubber networks these changes may be traced back to stress-induced filler reorganization as investigated by the simultaneous XPCS measurements [58, 84] and their relation with the dynamics of the cross-linked polymers.
The disorder inherent to SGMs would be captured by assuming that each element of the macroscopic sample has different yield energy [36, 37] .
Analysis of the asymptotic limits
The For Si-OR-40-c, the area of the hysteresis loop obtained by considering the asymptotic limits   is significantly reduced (Fig 7b) as compared to Si-OH-40-c (Fig 7a) . If the hysteresis observed for  0 would be related only to relaxation effects, no hysteresis would be expected for  , which
is not the case [85] . For CB-40-c (Figure 7c ), the logarithmic decrease of the stress with time in the first loading does not yield an asymptotic limit, as expected in a glass. In this case it appears that the values of   (DOWN) are very close to that obtained during the second loading (UP2).
The same feature is observed for Si-OR-40-c (Fig 7b) and for Si-OH-40-c ( 0.4). Figure 6 also shows that  (i.e., x) is much smaller (smaller degree of disorder) for the UP2 jump than the UP1 one, at least for Si-OH-40-c. It follows that the difference between the first and the second jumps could be explained by a strain induced relief of frozen-in disorder created during the preparation of the sample (curing under pressure at 160°C). This interpretation which would involve some kind of rejuvenation is speculative and requires further theoretical and experimental work. The effect of cross-linking on the evolution of  0 and   with strain is reported in Figure 8 for the hydroxylated silica filler (Si-OH-40) and compared with Si-OH-40-c (UP1 curves in Fig 7a) .
For the uncross-linked sample Si-OH-40-u,  0 goes through a maximum at close to 0.2. Such a feature has already been observed for uncross-linked elastomers filled with silica or carbon black. They were shown to be coincident with the appearance of a "butterfly" in the SAXS patterns (at small values of the wave vector q) and attributed to the breaking and the reorganization of the colloidal particle network in the direction of the strain [54] . As discussed in the previous paragraph, the value of are the largest for Si-OH-40-u which involves a larger chain mobility making possible the reorganization of filler particle network.
FIGURE 8
Comparison between the evolution with strain of the initial stress  0 and the asymptotic limit   (UP1 steps) for cross-linked (Si-OH-40-c) and uncross-linked (Si-OH-40-u) samples
SUMMARY AND CONCLUSION
The present study was devoted to the analysis of the behavior of the tensile relaxation modulus at a given strain level reached either by a positive or a negative strain step. The leading parameter of this investigation was the filler-filler or the filler matrix interaction. We have shown that for all silica filled samples strained strictly above 0.2 by positive (UP1 and UP2) or negative (DOWN) jumps, can be fitted to a power law equation similar to the Chasset-Thirion one.
For the carbon black samples characterized by a strong filler-matrix interaction the decrease of is logarithmic for UP jumps. For DOWN jumps, follows the same power law equation as the silica filled samples. These experimental features indicated that, for all samples, the rate of change of varies as where , the logarithmic decrease of observed only for the carbon black filled sample for UP jump steps corresponding to the limiting case . It appeared that the value of the exponent and, therefore, that of m, obtained for a given strain (above a strain threshold) decreases when the filler-matrix interaction increases. Thus, it was suggested that the decrease of the power law exponent reveals a decrease of the polymer chain mobility. Moreover, the power law relaxation observed in strained filled elastomers describes the local stress relief of a strain quenched disorder as in the case soft glassy materials. It follows that the present series of measurements and the analysis of the data provide experimental clues for soft glassy rheology features in strained filled elastomers. As a consequence, the empirical power law exponent  could be considered as the effective noise temperature x in the SGR model. In the limiting case the system approaches a glass transition which is consistent with the glassy domains reported for strained carbon black filled elastomers. For , the increasing agitation of mesoscopic elements permits their relative rearrangements under strain as it is observed for the silica filled samples when the filler matrix interaction decreases which yields an increasing mobility of the polymer chains. We have also shown that the hysteresis effect decreases when becomes closer to 1. It follows that the SGR model and the effective noise temperature x could be used for representing the different stress relaxation behaviors observed during loading and unloading experiments aiming to model the Mullins effect.
It may be concluded that the experimental work described in the present paper provides strong clues for soft glassy rheology in filled elastomers strained above a given threshold. It is expected that this approach, along with further theoretical refinements, will bring new insights in the mechanical behavior of filled elastomers.
